Introduction
Iron(II) and cobalt(II) complexes consisting of bis(imino)pyridine ligands having various substituents were investigated as catalysts for the polymerization of ethylene 1)～5) . Although these complexes combined with methylaluminoxane (MAO) polymerize ethylene with an extremely high activity, no significant activities were observed for the propylene polymerization and ethylene/α-olefin copolymerization. Moreover, competitive chain-transfer reactions that occurred on multiple active species results in the formation of low molecular-weight polyethylene having a high polydispersity (PDI). From the viewpoint of the industrial production of polyethylene, catalysts must be able to produce high molecular weight polyethylene and promote the copolymerization of ethylene and α-olefin. Among the transition metal complexes having a bis(imino) pyridine backbone, the bis(imino)pyridinevanadium(III) complexes have been investigated, because these combined with MAO show a significant activity for the polymerization or oligomerization of ethylene 6)～16) . Moreover, as remarkable properties, these complexes promoted the copolymerization of ethylene and α-olefin 6) , and the supported catalysts using a modified magnesium chloride can produce high-molecular weight polyethylene 13) . When metal complexes are used for most of the industrial polymerization processes, they must be immobilized on carriers. Recently, we developed supported catalysts consisting of a bis(imino)pyridineiron (II) complex and a cation-exchanged clay mineral as the carrier 17) . These catalysts are readily activated by conventional alkyl aluminum compounds and showed a high activity for the polymerization of ethylene. Additionally, well-controlled polyethylene particles obtained using those catalysts were able to be used in a slurry process. In the present study, we prepared the bis(imino)pyridinevanadium(III) complexes (Fig. 1) and the supported catalyst consisting of Mg 2 -exchanged clay minerals and the complexes. Moreover, the copolymerization of ethylene and 1-hexene was carried out using these supported catalysts combined Bis(imino)pyridinevanadium(III) complexes [2,6-(Ph'-N C(CH3))2C5H3NVCl3, Ph' complex 1: 2,4,6-(CH3)3C6H2 and complex 2: 2,6-((CH3)2CH)2C6H3] supported on Mg 2 -exchanged fluorotetrasilicic mica (Mg 2 -Mica) and montmorillonite (Mg 2 -Mont) were prepared as heterogeneous catalysts for ethylene polymerization. These catalysts combined with conventional alkylaluminum compounds were tested for the ethylene or ethylene/1-hexene polymerization. The catalysts supported on Mg 2 -Mont showed a significantly higher activity compared to those supported on Mg 2 -Mica during the polymerization of ethylene or ethylene/1-hexene. The catalyst based on complex 1 promoted the ethylene/1-hexene copolymerization to afford a linear low-density polyethylene. In contrast, no copolymerization took place using the complex 2-based catalyst because of the high steric bulk around the active center. A bimodal distribution was specifically observed in the GPC profiles of the ethylene/1-hexene copolymers, suggesting that multiple active species were formed by the reaction of the vanadium complex and the trialkylaluminum compound.
with conventional alkyl aluminum compounds.
Experimental
The solvents (toluene, tetrahydrofuran, hexane, dichloromethane) and 1-hexene were purchased from Kanto Chemical Co., Inc. These chemicals were dehydrated by passing them through a MS-13X column and were degassed by bubbling N2 before use. The bis(imino)pyridine derivatives (PBI-1 and -2) were prepared by the condensation reaction of 2,6-diacetylpyridine and substituted aniline according to a procedure described in the literature 3) . Triethylaluminum (TEA), diethylaluminum chloride (DEAC), and triisobutylaluminum (TIBA) as aluminum compounds were purchased from Kanto Chemical Co., Inc. MAO was obtained from the Sigma-Aldrich Corp. The preparation of vanadium complexes and the supported catalysts were performed under a nitrogen atmosphere.
1. Preparation of Vanadium Complexes
To a 50 mL Schlenk flask, 20 mL of tetrahydrofuran (THF) and 0.298 g of the VCl3(THF)3 complexes were added. After the complex was dissolved, 0.324 g of the PBI ligand was added to the solution and the mixture was allowed to react at 70 for 1 h and then for 24 h at ambient temperature. After the reaction period, the solvent was removed under reduced pressure and then 25 mL of CH2Cl2 was added. The bis(imino)-pyridinevanadium(III) complex was isolated by filtration, then dried at ambient temperature for 5 h under reduced pressure (yield; complex 1 53%, complex 2 40%). The elemental analysis and mass spectra (Direct Inlet Electron Impact Method) of the prepared vanadium complexes were conducted using a Thermo Fisher Scientific K.K., FLASH EA1112 and JEOL Ltd., JMS700AM, respectively.
Preparation of Support
Two types of clay minerals were used for the catalyst preparation. Montmorillonite, which was purchased from the Clay Science Society of Japan, was mainly used for the preparation of the supported catalyst. As a synthetic clay mineral, fluorotetrasilicic mica was obtained from CO-OP Chemical Co., Ltd., and used for the catalyst preparation. Silica (Fuji Silysia Chemical Ltd., CARIACT P10) was also used as the support to compare the catalytic properties with the clay mineral supports. Magnesium ion-exchanged fluorotetrasilicic mica (Mg 2 -Mica) and montmorillonite (Mg 2 -Mont) were prepared according to the previous paper 18) . The supported catalysts were prepared from Mg 2 ionexchanged clay minerals dried at 200 and the prepared complex by a conventional impregnation method. Typically, a 0.5 g sample of dried Mg 2 -exchanged clay mineral and a dichloromethane solution of the prepared vanadium complexes (0.5 mL, 100 μmol-complex per 1 g of Mg 2 -exchanged clay minerals) were placed in a 20 mL Schlenk tube. After the mixture was stirred for 0.5 h, the solvent was removed and dried for 4 h at ambient temperature under reduced pressure.
3. Ethylene Polymerization
The polymerization of ethylene was performed at 40-70 and 0.5-1.0 MPa for 1 h in the presence of aluminum compounds (TEA, DEAC, and TIBA) using a 30 mL autoclave equipped with a magnetic stirrer. The obtained polyethylenes were dried at about 40 overnight and then weighed to determine the catalytic activity. The properties of the polyethylene were analyzed by GPC (ALC/GPC 150C, Waters Corp.) for the molecular weight and DSC (DSC-60, Shimadzu Corp.) for the melting point. The 13 C-NMR analysis of the produced polyethylene was performed using Bruker BioSpin K.K., Avance 300 at 120 in o-dichlorobenzene solvent.
Results and Discussion
The prepared vanadium complexes included CH2Cl2 (solvent), and these results are as follows: complex 1 (0.3 CH2Cl2 included); calculated, C, 56.50%, H, 5.49%, N, 7.24%, found; C, 56.69%, H, 5.43%, N, 7.22%, complex 2 (0.3 CH2Cl2 included); calculated, C, 60.19%, H, 6.61%, N, 6.32%, found; C, 60.43%, H, 6.71%, N, 6.25%. In the mass spectra (Direct Inlet Electron Impact Method), no peaks derived from the parent ions formed from the vanadium complexes were detected. However, the strong peaks derived from the ligands (complex 1, m/e 397; complex 2, m/e 481) were clearly observed in the spectra. These analysis results strongly supported the formation of the target complexes 1 and 2; therefore, the obtained complexes were used for the polymerization after the preparation of the supported catalysts.
The results of the ethylene polymerization using the supported catalyst consisting of complex 1 and Mg 2 -clay are summarized in Table 1 . When the ethylene polymerization was performed using the Mont-based catalyst at 60 and 1.0 MPa ethylene pressure in the presence of an alkylaluminum compound, powdery polyethylene was obtained in a good yield (Runs 1 and 2). The activity of the catalyst combined with TIBA was much higher than that of the catalyst combined with TEA. The catalyst combined with TEA produced a low molecular-weight polyethylene having significantly higher PDIs compared to the catalyst combined with TIBA (Runs 1 and 2). Diethylaluminum chloride was not effective for the activation of the catalyst (Run 3). The melting points of all the polyethylenes obtained by the ethylene polymerization were within the range of 133-135 , indicating that there are no significant branches in the polyethylene chains.
First, we compared two types of supported catalysts, i.e., the Mont-and SiO2-supported catalysts, under the standard polymerization conditions. The Mont-based catalyst combined with TIBA showed a 2.5 times higher activity than the SiO2-based reference catalyst (Runs 1 and 16). For the polymerization using TEA, the difference between the activities of the two catalysts was increased as compared to that using TIBA (Runs 15 and 17). An extremely low activity was also obtained by the polymerization using the SiO2-based catalyst in the presence of DEAC. The surface area of the used SiO2 was 281 m 2 ・g -1 , whereas that of Mg 2 -Mont was 17 m 2 ・g -1 , therefore, it was found that the surface area of the supports was irrelevant to the activity. In  Fig. 2 , the rates of ethylene consumption were plotted versus the time course of the polymerization. Both catalysts immediately reached the maximum rates at the beginning of the polymerization. The rate obtained by the polymerization using the SiO2-based catalyst rapidly decreased during a few minutes and the rate become constant at the low level. The steady state of the ethylene consumption was obtained using the Mont-based catalyst after 20 min. Based on these results, we concluded that the higher activity of the Mont-based catalyst when compared to the SiO2-based catalyst was mainly due to the slow deactivation rate. These facts imply that the support material takes part in the stabilization of the active species.
Next, we investigated the catalytic behavior of the Mont-based catalysts by changing the polymerization conditions such as the temperature and the ethylene pressure. When the polymerization temperature was 
Normalized by polystyrene standards. g) Polydispersity (Mw/Mn). h) Melting point of produced polymer. varied between 40 and 60 using the Mont-based catalyst, the activities increased with an increase in the temperature (Runs 1, 7, and 8). On the other hand, the activity of the catalyst at 70 was slightly lower than that at 60 (Runs 1 and 6) due to deactivation of the active species during the polymerization at 70 . The temperature dependence of the molecular weight of polyethylene was very unusual; the Mn increased with an increase in the polymerization temperature. To discuss the effect on the molecular weight when the temperature was raised, the gel permeation chromatography (GPC) profiles of these polyethylenes are summarized in Fig. 3 . In all the profiles, a shoulder peak was clearly observed in the low molecular-weight region, and that peak decreased with the increasing polymerization temperature. Upon decreasing the ethylene pressure from 1.0 to 0.7 or 0.5 MPa, both the productivity and the Mn of the obtained polyethylene clearly decreased with the increasing PDI values (Runs 1, 4, and 5). The Mont-based catalyst had a much higher activity compared to the Mica-based catalyst for the ethylene polymerizations (Runs 1 and 13) . No clear differences in the melting points of the produced poly ethylenes were observed, whereas the Mn of the polyethylene produced using the Mica-based catalyst was significantly higher than that produced using the Mont-based catalyst. Although no clear reason of the difference between the molecular weights was obtained in this stage, the surface nature of the two clay minerals might participate in the performance of the catalysts.
In our previous study, when the Mont-supported bis(imino)pyridineiron(II) catalyst was used in the polymerization, the Mont-based catalyst showed a higher activity than the Mica-based catalyst 17) . The difference in the two clay minerals was also investigated for the clay mineral-supported metallocene catalysts. The amount of Cp2ZrCl2 supported on montmorillonite was much higher than that on the fluorotetrasilicic mica 18) .
Montmorillonite was essentially different from the fluorotetrasilicic mica (OH groups replaced with F) in terms of the presence of surface OH groups, therefore, montmorillonite may effectively capture the vanadium complexes and form the active species for the polymerization.
The ethylene/1-hexene copolymerization was performed using 1/Mg 2 -Mont and 1/Mg 2 -Mica in the presence of TIBA. The copolymerization using 1/Mg 2 -Mont afforded the linear low density polyethylene (LLDPE), and the melting points of the produced polyethylene linearly decreased from 133 to 124 with the increasing 1-hexene concentration (Runs 1, 10, and 11). The 13 C-NMR spectrum of LLDPE in Run 11 showed the formation of butyl branches derived from the incorporated 1-hexene, and the amount of the incorporated 1-hexene was approximately 1.2 mol% (determined by 13 C-NMR). Figure 4 shows the GPC profiles of the produced LLDPE. The profiles of the LLDPE obtained by the polymerization at 40 and 60 essentially showed a bimodal distribution (Runs 9 and 11). These specific distributions were the same as the polyethylene produced using the catalyst consisting of the bis(imino)-pyridinevanadium complex and MAO [7] , strongly suggesting that the catalyst contains at least two active species. When the temperature was raised from 60 to 70 , the PDI value decreased with the decreasing low molecular weight polyethylene (Run 12). The active species produced from the bis(imino)pyridinevanadium complex was investigated by Reardon et al. 6) . They reported that the in-situ reaction of 2,6-[2,6-(i-Pr)2PhN C(CH3)]2C5H3NVCl3 and MAO on the pyridine ring resulted in the formation of the methylated complex, 2,6-[2,6-(i-Pr)2PhN C(CH3)]2(2-CH3C5H3N)VCl2, through elimination of one chlorine atom. The ringmethylated complex further reacted with MAO and then produced the mono and dimethyl complexes after replacement of the chlorine atoms by the methyl groups. The two produced complexes were catalytically active and afforded polyethylenes having different chain lengths. In the present study, although there is no evidence for the formation of isobutylated complexes, similar active species might be formed, because the bimodal distribution obtained by the present catalyst was similar to that obtained by the MAO-based catalyst.
The effects of the ligand backbone on the catalytic activity and physicochemical properties of the polyethylene (Melting point, Mn, and PDI) were investigated using 2/Mg 2 -Mont. These results are shown in Table 2 . The activity of complex 2 supported on Mg 2 -Mont was much lower than that of complex 1 supported on Mg 2 -Mont (Runs 1 and 21). The same trend was also observed when the Mica-based catalysts (Runs 13 and 24) were used.
A clear difference was observed between the melting points of the polyethylenes produced by the copolymerization using complexes 1 and 2, which have different steric bulks. The melting point of the polyethylenes produced using 2/Mg 2 -Mont slightly dropped from 132 to 130 in the presence of 1-hexene, while that of the polyethylene produced using 1/Mg 2 -Mont decreased to 124 under the same polymerization conditions (Runs 11 and 23). The larger steric bulk in complex 2 suppressed the incorporation of α-olefins, because the comonomer incorporation did not observed during the ethylene/1-hexene copolymerization using the homogeneous catalyst consisting of complex 2 and TIBA. The Mn of the polyethylenes obtained using 2/ Mg 2 -Mica was slightly lower than that obtained using 1/Mg 2 -Mica despite the high steric bulk around the vanadium center in the complex 2. Figure 5 shows the results of the scanning electron microscope (SEM) observation for Mg 2 -Mont after calcination at 200 and the polymer particle produced from the ethylene/1-hexene copolymerization using the 1/Mg 2 -Mont catalyst. The Mg 2 -Mont particle (a) was constructed by piling up the irregular sheets of montmorillonite. After the copolymerization, the sheet-like structure disappeared and the agglomerate polyethylene particles were observed (b) and (c).
When the surface observation was performed at high magnification (d), the particles consisted of a small sheet-like polymer and narrow yarn-like one. This fact suggested that the sheets of montmorillonite were peeled off by the growth of the polymer chains and was in good agreement with our previous results for the ethylene polymerization using the Mg 2 -Mica-supported Cp2ZrC2 catalysts.
I n s u m m a r y, w e c o n d u c t e d t h e e t hy l e n e a n d ethylene/1-hexene polymerizations using catalysts consisting of conventional trialkylaluminum and the bis(imino)pyridinevanadium(III) complexes supported on Mg 2 -exchanged clay minerals. The supported c a t a l y s t c o n s i s t i n g o f 2,6-(2,6-( C H3)2P h N C(CH3))2C5H3NVCl3 and Mg 2 -Mont showed a moderate activity for both polymerizations. In particular, this vanadium-based catalyst promoted the copolymerization to afford a linear low-density polyethylene, which was difficult to produce using the bis(imino)-pyridineiron and cobalt complexes. ). e) Normalized by polystyrene standards. f) Polydispersity (Mw/Mn). g) Melting point of produced polymer. 
